A complex signaling pathway involving members of the Hedgehog, Bone morphogenetic protein (Bmp) and Gli families regulates early patterning events in fetal skeletogenesis (Hui and Joyner, 1993 . A mouse model of Greig cephalopolysyndactyly syndrome: the extra-toes mutation contains an intragenic deletion of the Gli3 gene. Nat. Genet. 3, 241-246; Bitgood and McMahon, 1995 . Hedgehog and Bmp genes are coexpressed at many diverse sites of cell-cell interaction in the mouse embryo. Dev. Biol. 172, 126-138; Lanske et al., 1996 . PTH/ PTHrP receptor in early development and Indian hedgehog-regulated bone growth. Science 273, 663-666; Vortkamp et al., 1996 . , 1996. Sonic hedgehog differentially regulates expression of GLI and GLI3 during limb development. Dev. Biol. 180, 273-283). We investigated the molecular similarities and differences between fetal and postnatal skeletal development by analyzing the coincident and complimentary expression domains of indian hedgehog (ihh), bmp6 and gli in adjacent sections throughout the process of skeletogenesis. In almost all of the skeletal tissues examined, the expression domains of ihh and bmp6 were adjacent to one another and this region was surrounded by gli-expressing cells. These observations are in keeping with the proposed function of gli as a negative regulator of Ihh signaling and the induction of Bmps by Hedgehog proteins (Roberts et al., 1995. Sonic hedgehog is an endodermal signal inducing Bmp-4 and Hox genes during induction and regionalization of the chick hindgut. Development 121, 3163-3174; Kawakami et al., 1996 . BMP signaling during bone pattern determination in the developing limb. Development 122,[3557][3558][3559][3560][3561][3562][3563][3564][3565][3566]. By puberty, ihh, bmp6 and gli transcripts were no longer detected in the growth plate, despite the fact that physeal chondrocytes continued to hypertrophy and differentiate. Although bmp6 was expressed, ihh transcripts were not found in primordia of intramembranous bones, nor in cells lining the future articular surfaces. Collectively our findings suggest that ihh participates in, but is not required for chondrocyte hypertrophy.
Introduction

Appendicular skeletal development
Mesenchymal cell condensation initiates skeletogenesis (Hall and Miyake, 1992; Miyake et al., 1996) . Shortly after condensations were evident in the handplate (Fig.  1A) , a1(II) collagen (col2) (Fig. 1B) and ihh transcripts (Fig. 1C, arrow) were detected. Gli expression surrounded that of ihh (Fig. 1D) . By e14, when individual skeletal elements were evident (Fig. 1E ), a1(X) collagen (col10) (Fig. 1F ) and ihh transcripts (Fig. 1G) were detected in adjacent, overlapping domains. Gli surrounded the ihh domains ( Fig. 1H ) and bmp6 was expressed immediately adjacent to ihh (Fig. 1I ). These relative expression domains of ihh, bmp6 and gli were maintained in the appendicular skeleton throughout the remainder of fetal development. By day 8 of life, the growth plate assumes a stratified arrangement of resting, proliferating and hypertrophic cells; the secondary center of ossification is evident at the ends of the bone (Fig. 1O ). As observed during fetal development, col10 transcripts were detected in hypertrophic chondrocytes of the growth plate and the secondary center of ossification, or epiphysis (Fig. 1P) . Ihh transcripts were expressed in a subset of col10-positive cells in the growth plate, but were not detected in the epiphysis (Fig. 1Q) . Gli transcripts were found in resting and proliferating chondrocytes of the growth plate, as well as in the articular surfaces (Fig. 1R) . Bmp6 was detected in hypertrophic chondrocytes of the growth plate and epiphysis (Fig.  1S) .
By day 14, ihh, bmp6 and gli were no longer detectable in the growth plates or the epiphyses (data not shown). The lack of ihh expression did not correlate with a cessation in proliferation (Vogl et al., 1993) nor with a lack of chondrogenic differentiation, since cells in the growth plate continued to undergo hypertrophy (Farnum and Wilsman, 1993) and express col10. This stage of postnatal development coincides with the onset of puberty.
To substantiate the downregulation of ihh in postnatal chondrocytes, reverse-transcription polymerase chain reaction (RT-PCR) with ihh-specific oligonucleotides was performed. Bands corresponding to the predicted size of the ihh product were produced from 8-and 14-day-old, but not from 12-week-old rib chondrocyte cDNA ( Fig. 2A) . Restriction digestion confirmed that the DNA band corresponded to ihh (Fig. 2B) . These results confirm the downregulation of ihh expression after puberty.
Axial skeletal development
The vertebral column develops in a manner similar to the long bone, with the exception that the vertebrae have three growth zones, i.e. the vertebral centrum and bilateral neural arches. Cell condensation marked the initiation of axial skeletogenesis (Fig. 3A) . As noted in appendicular skeletogenesis, ihh (Fig. 3B) and gli (Fig. 3C ) exhibited complimentary expression domains in the axial skeleton. Although bmp6 was not detected at e14, transcripts were evident by e16 in the hypertrophic chondrocytes (Fig. 3D) . Ihh was expressed in the center of the vertebral bodies (Fig. 3E) and, as before, gli surrounded the ihh domain (Fig. 3F ).
Intramembranous ossification
To investigate the role of Ihh signaling in cranial skeletal development, we examined both neural crest-and mesoderm-derived bones of the head. Bmp6 and ihh were both expressed in the mesoderm-derived cartilage anlage of the skull base (Fig. 3G,H) , whereas only bmp6 was detected in the crest-derived nasal bones (Fig. 3G ). Next we examined Meckel's cartilage, which is entirely of neural crest origin. The proximal region of Meckel's cartilage undergoes endochondral ossification and contributes to the sclerotic ossicles; ihh and bmp6 were expressed in these tissues (Fig.  3I,J) . The distal region is also composed of hypertrophic chondrocytes, but it remains permanently cartilaginous (Ekanayake and Hall, 1994; Chung et al., 1995) ; bmp6 (Fig. 3K ), but not ihh was expressed in these tissues.
In summary, these data suggest that ihh, bmp6 and gli participate in axial and appendicular skeletogenesis during fetal development, but also contribute significantly to postpubertal skeletal development. In addition, ihh does not appear to be required for intramembranous ossification, nor for articular chondrocyte differentiation, although bmp6 and gli do participate in these processes. These findings suggest that there are both Ihh-dependent and Ihh-independent mechanisms for generating skeletal tissues.
Materials and methods
Tissue collection, preparation and in situ hybridization
Embryos and neonates were collected, fixed, decalcified if needed (Nakase et al., 1994) , dehydrated and sectioned as described (Albrecht et al., 1997) . Subclones of ihh, bmp6, gli, col1, col2 and col10 were linearized with appropriate restriction enzymes to transcribe either sense or antisense [ 35 S]UTP-labeled riboprobes. In situ hybridization was performed as described (Albrecht et al., 1997) ; slides were hybridized at 55°C and final washes were carried out at high stringency (58-62°C, 0.2× SSC). Hoescht dye (Sigma) was used to illustrate tissue outline and cell density. Tissue sections were visualized using darkfield and fluorescence microscopy simultaneously. Images were captured on a digital camera as double exposures; the fluorescent image (blue) is the nuclear stain and the darkfield image represents silver grain density. Near-adjacent serial sections were stained with hematoxylin and eosin (H&E), ToluidineBlue (TB) or Safranin-O/Fast Green (SO) to highlight bone and cartilage.
Total RNA preparation and reverse-transcription PCR
Total RNA was isolated (RNeasy Total RNA Kit, QIA-GEN) from 8-and 14-day-old and 12-week-old rib cartilage fragments; ribs were chosen because they contain more cartilage than long bones. Aliquots (2 mg) of total RNA were reverse-transcribed to first strand cDNA using an oligo(dT) 12-18 primer and AMV reverse transcriptase (GIBCO). The second DNA strand was synthesized using Taq polymerase (Perkin-Elmer) and oligomers specific for ihh. The PCR reaction conditions were 94°C for 30 s, 59°C for 1 min and 72°C for 1 min for a total of 35 cycles. Primers specific for col10 were used as an internal control (Rosati et al., 1994) . Aliquots (10 ml) of each amplified product were electrophoresed on an ethidium bromide-stained gel. The amplified products were digested with BamHI to verify that they included nucleotide sequences (306-801) corresponding to ihh; the restriction digestion products were electrophoresed on an 8% acrylamide gel.
